L ocating the 10 4 damaged nucleotides in a cell's DNA poses a significant challenge to DNA repair enzymes on a daily basis (1) . Base excision repair (BER) glycosylases are responsible for finding subtle atomic-level changes in a base amidst a sea of undamaged bases, and they must do so before replication leads to improper nucleotide insertion causing a mutation (2) . Many years ago it was recognized that random on-off binding of proteins to duplex DNA was an inefficient way to locate the sites of damage, leading to proposals of protein sliding on the duplex in addition to short hopping or longer-range jumping to different sections of the genome (3) . In a recent issue of PNAS, new data from Boal et al. (4) provided evidence of an alternative mechanism in which the bacterial BER enzymes EndoIII and MutY communicate over a long segment of basepaired DNA by tapping into the ability of a perfectly complementary duplex to transport charge along the helix. Such a mechanism would greatly exceed the rate of 1D scanning by procession of a macromolecule along the DNA duplex.
The case under study concerns oxidative DNA damage, for which there exists an elaborate system of repair (5) . Oxidation of guanine to 8-oxoguanine (OG) must be located and OG must be excised, by MutM in bacteria or Ogg1 in eukaryotes, before replication because DNA polymerases often misinsert A opposite OG (Fig. 1) . As a backup for the initial chance at repair, the BER enzyme MutY removes the misinserted A opposite OG after first locating the OG⅐A base pair. All of this must happen before further oxidative damage converts OG to more highly mutagenic hydantoin lesions (6, 7) . The debate about the mechanism by which DNA damage sites are recognized is fueled by the fact that BER glycosylases, particularly MutY, are present in very low copy number in the cell.
Adding to the curiosity of how damage is recognized is the fact that the changes in the DNA base can be extremely subtle; only two atoms are changed in the case of G oxidation to OG (Fig. 1) , and the lack of a lone CH 3 group is the basis for distinguishing U vs. T by uracil DNA glycosylase (UDG). For the latter problem, recent data point to duplex dynamics as the starting point of damage recognition in which thermal opening of base pairs initiates the recognition process (8) . For human Ogg1 (hOgg1) recognition of OG, fast sliding has been observed by singlemolecule imaging techniques for the protein in contact with duplex DNA (9), and it is proposed that hOgg1 then probes the base pair dynamics as it slides, extruding OG from the duplex at a higher rate than undamaged bases. Theoretical analysis of the process of target location suggests that a combination of sliding over short distances and jumping (via dissociation/recombination) over large distances provides the most kinetically efficient pathway (10) .
The charge transport mechanism proposed by the Barton laboratory (4) adds an alternative search process to the pathways described above (11) . In this mechanism, two BER enzymes containing [4Fe-4S] 3ϩ/2ϩ clusters collaborate by probing the integrity of a long stretch of the DNA duplex (Fig. 2) . Transport of an electron (or conversely, an electron hole) is fast and efficient through undamaged duplex DNA allowing one enzyme to remotely reduce another. Previous studies have shown that when the [4Fe-4S] cluster of EndoIII or MutY is in the ϩ3 state, the enzyme is more tightly bound; in the ϩ2 state, the enzyme can more readily dissociate from DNA (12) . Thus, efficient charge transport through an undamaged duplex results in MutY being reduced, and therefore released from that segment of DNA. Such a mechanism allows the repair protein to detect the absence of DNA damage in a large region, potentially a few hundred base pairs long. Successful electron transfer then leads to release of the bound repair protein from a section of DNA where it is not needed, so that it is ready to diffuse to a new site and begin the search process again. This process can continue cycling until a segment of DNA is found that does not support charge transport; at this point (Fig. 2 Bottom) , MutY remains in the ϩ3 state, tightly bound to DNA, and can engage in 1D scanning to find the exact site of the lesion (13) .
New in the current paper (4) is evidence from the Barton laboratory that the [4Fe-4S]-containing proteins preferentially relocate to strands containing a base mismatch that interrupts charge transport in duplex DNA. The study was conducted by using long mismatched vs. short matched duplexes, and the bound proteins were detected by using atomic force microscopy. The observation of a higher density of EndoIII bound to the long mismatched strands is consistent with the blockage of DNA charge transport to reduce and release the protein.
In a second part of the study, the researchers examined cooperativity between EndoIII and MutY inside Escherichia coli. Using a MutY reporter strain for the readout, they inactivated the gene encoding EndoIII, which led to a decrease in the in vivo activity of MutY, although the decrease was modest. A further study used the Y82A mutant of EndoIII, a protein that was shown to See companion article on page 15237 in issue 36 of volume 106. 1 To whom correspondence should be addressed at: Department of Chemistry, University of Utah, 315 South 1400 East, Room 2020, Salt Lake City, UT 84113-0850. E-mail: burrows@chem.utah.edu. contain the [4Fe-4S] cluster and maintain glycosylase activity toward a natural substrate, 5-hydroxyuracil; however, electrochemical studies suggest that it has attenuated charge transfer properties when bound to DNA. In accord with these properties, Y82A was unable to participate in the in vivo helper function to assist MutY.
Taken in sum, the experiments lend support to the collaboration between the two [4Fe-4S] proteins EndoIII and MutY in which EndoIII can assist the low-copy-number partner MutY to find lesions that disrupt the charge transport properties of the duplex. Iron-sulfur clusters are also found in the human homologs of these proteins hNTH1 and MUTYH, with deficiencies in the latter protein being implicated in certain types of inherited colorectal cancers (14) . Thus, the possibility exists that the preservation of the [4Fe-4S] cluster in many BER enzymes throughout evolution has a functional, in addition to a structural, basis.
Questions about the charge transport mechanism remain, however. Why would a repair system for oxidative damage use a redox process? This is particularly curious in light of the fact that OG is extremely sensitive to further oxidation [E 1/2 Ϸ 700 mV vs. the normal hydrogen electrode (NHE)], and oxidants as mild as ferricyanide (E 1/2 Ϸ 400 mV vs. NHE) are able to convert OG to highly mutagenic hydantoin lesions (15) .
The answer must lie with the significantly lower redox potential of MutY [Ϸ100 mV when bound to DNA (12) (17), raising the possibility that another role of the ironsulfur cluster could be to reduce this highly mutagenic species back to an OG⅐A base pair in the vicinity of a nowoxidized [4Fe-4S] 3ϩ form of MutY that remains tightly bound and ready to begin the excision process.
Unfortunately, mechanisms can never be proven, only disproven, and so we are limited by our imaginations as to what alternative search algorithms proteins might select to locate their target sites on DNA. There may be additional features of lesion dynamics or electronics that attract a repair enzyme to the damage site. For example, the presence of OG in a strand increases the energy of the highest occupied molecular orbital (HOMO) of the DNA and increases the density of states, which may result in higher efficiency of electron trapping by oligomers containing OG (18) .
Sliding, hopping, jumping, wandering. . .or zapping? The data of Boal et al. (4) support the imaginative proposal of DNA damage location by redox-active glycosylases that tap the charge transport properties of the duplex to remotely detect, and then home in on, the culprit base.
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Fig. 2. The [4Fe-4S] clusters of EndoIII and MutY
can shuttle electrons through the DNA stack, leading to dissociation of the protein in the reduced ϩ2 state. When DNA damage interrupts the charge transport, a protein in the ϩ3 state remains tightly bound to home in on the damage site.
